Capturing surface appearance is a challenging task because reflectance varies as a function of viewing and illumination direction. In addition, most real-world surfaces have a textured appearance, so reflectance also varies spatially. We present a texture camera that can conveniently capture spatially varying reflectance on a surface. Unlike other bidirectional imaging devices, the design eliminates the need for complex mechanical apparatus to move the light source and the camera over a hemisphere of possible directions. To facilitate fast and convenient measurement, the device uses a curved mirror so that multiple views of the same surface point are captured simultaneously. Simple planar motions of the imaging components also permit change of illumination direction and region imaging. We present the current prototype of this device, imaging results, and an analysis of the important imaging properties.
INTRODUCTION A. Bidirectional Imaging
In computer vision and graphics, the interaction of surfaces with light is of fundamental interest in order to predict and simulate appearance. In the past, recovery and representation of geometric structure were primary goals in both disciplines. However, global geometric shape is simply not sufficient for accurate prediction of appearance. Advanced reflectance and texture models are required that can take into account changes in imaging parameters such as viewing and illumination direction. Figure 1 illustrates the complex variation of texture appearance typical in real-world scenes.
Endeavors in predicting and modeling appearance are hampered in part by the difficulty in measuring reflectance and texture. To measure surfaces in a systematic and precise manner, significant resources in time and equipment are necessary. Measurements of reflectance require sensing light reflected from an image point as a function of illumination and viewing direction. Reflectance as a function of light source and viewer angles is described by the term bidirectional reflectance distribution function (BRDF). The BRDF is formally defined as the radiance reflected by a scene point divided by the irradiance and can be written as f ( i , i , v , v ), where i and i are the polar and the azimuthal angles of the illumination direction, respectively, and v and v are the polar and the azimuthal angles of the viewing direction, respectively. Because the directions may vary over a hemisphere, measurement equipment can be quite complex in order to allow precise angular variations of both viewing and illumination directions.
Reflectance measurements have long been of value in the graphics and vision community. In general, measurements of the BRDF are useful for characterizing uniform or homogeneous materials, but most real-world surfaces have spatially varying material properties. That is, they exhibit some type of texture, which may be a color or height variation as in a checkerboard, a paisley print, or a rough surface. The extension of the BRDF that captures spatial variation is called the bidirectional texture function (BTF) and can be written as f (x, y, i , i , v , v ). To measure a spatially varying BRDF, added equipment complexity is necessary for sensing a surface region instead of a surface point.
In typical bidirectional measurements, the camera and the light source must be positioned in all possible combinations of viewing and illumination directions. For both the camera and the light source, the set of all possible directions is a hemisphere above the surface point. Perhaps a rigid dome is constructed, or the camera and the light source are positioned manually. The measurements are quite cumbersome, the space required is problematic, and the occlusions of the camera or the light source compound the difficulties. A good overview of equipment issues can be found in Foo and Torrance. 1 Furthermore, in some nonlaboratory scenes the time and the space required for such measurements render the situation impractical. Consider, for example, the difficulty in taking a large device to an archaeology site to image an ancient relic for historical archiving or into a dermatologist's office to digitally image skin texture for clinical assessment.
Prior efforts in reflectance and texture measurements include the Columbia-Utrecht Reflectance and Texture (CUReT) database, 2 which contains BTF and BRDF measurements from over 60 different samples, each observed with over 200 different combinations of viewing and illumination directions. This work has been the basis of numerous recent studies in the area of surface analysis, [3] [4] [5] [6] [7] surface synthesis, 8, 9 and surface classification. [10] [11] [12] [13] [14] [15] While the measurements of the CUReT database proved quite useful in texture research, the measurement methods were time-consuming and semiautomated and required mountable planar patches of the surface of interest. In many applications, such isolated patches are dif-ficult or impossible to obtain. For example, human skin analysis requires a more convenient measurement system.
The device described here uses a curved mirror to create a convenient imaging device, where multiple views of the same surface point are realized simultaneously. The device has the significant advantage that no parts need to be moved in a hemisphere of directions. Instead, only simple planar motions of the imaging components are needed. Figure 2 illustrates the basic idea. A concave parabolic mirror focuses light to a single point. Therefore this mirror can be used for convenient orientation of the illumination direction. An incident ray reflecting off the mirror will reach the surface at an angle determined by the point of intersection with the mirror. The light reflected from the surface point at a large range of angles is also reflected by the mirror and can be imaged by a camera. This mirror is the main component in the imaging device, and the complete device permits fast multipleview or bidirectional surface imaging at high spatial resolution. The preliminary concept of the device is discussed by Dana in Ref. 16 .
B. Related Work
The use of convex parabolic mirrors for imaging was introduced in Nayar 17 and Baker and Nayar 18 for use in an omnidirectional camera. Omnidirectional imaging is an analogous problem to measuring the BTF. Instead of detecting intensity from all angles emerging from a single point, the omnidirectional sensor detects intensity from all angles in the world converging to a single point in order to provide a 360°view of a hemispherical scene. Key to the design of the omnidirectional camera is the convex parabolic mirror (used in conjunction with a telecentric lens), which ensures that each image point corresponds to a single scene point. Conversely, the concave parabolic camera is used in the BRDF/BTF measurement device to ensure that each image point corresponds to an emittance direction from a surface point. The problem of BRDF/ BTF measurements differs significantly from the problem of omnidirectional sensing in the area of illumination directional control issues. No illumination control is needed in omnidirectional imaging, but it is a key component in bidirectional imaging. Another important difference is that BTF measurements require surface scanning.
To compare our work with prior work in BRDF/BTF measurements, it is useful to first describe the desirable features for an ideal measurement device of this type. For practicality, the device should be fast and convenient. The number of moving parts should be minimal, and moving parts should take simple paths to minimize cost and maximize reliability. The apparatus should be simple enough that it can be made portable, because in-field measurements are important for many of the applications. Some existing devices provide convenient, simultaneous measurements of multiple viewing directions but do not allow convenient, precise control over illumination. In addition, the device must be structured so that the sample is not reilluminated when reflecting from device components. Finally, the device must have the capability of measuring a BRDF over an extended sample to capture the spatially varying BRDF.
The approach of using curved mirrors was adopted by Ward, 19 who introduced a method of measuring the BRDF with the use of a half-silvered spherical mirror and a fisheye lens that permits simultaneous measurement of light from all viewing directions without the need to change camera position. This device is not ideal for BRDF/BTF measurements for a few reasons. First, there is no means of automatically changing the illumination direction over the hemisphere. Second, it is designed for measuring reflectance from a single point, and extended samples could cause reflection of light to the mirror and back onto the surface, changing the illumination pattern. Also, the fish-eye lens is an imaging component that introduces significant distortion.
Another BRDF measurement device, described in Davis and Rawlings 20 and Mattison et al., 21 uses a hemielliptical mirror in a hand-held device designed for industrial coating evaluation. Our device differs most significantly from this device in its method of illumination angle control. Specifically, in that device the illumination direction is changed by using an additional gimbal mirror, which is cumbersome to control automatically. Indeed, the commercial version of this device allows illumination angle variation in only a plane instead of a partial hemisphere. Angular variations of a gimbal mirror are more difficult than translational motion of an aperture. Also, when a surface area is scanned for BTF measurements, the design in Davis and Rawlings 20 and Mattison et al. 21 requires translation of both mirrors and sensors. In our design, translating a single mirror is sufficient for scanning a small surface region.
Another device employing concave mirrors for BRDF measurements is described in Carter and Pleskot. 22 This device uses two mirrors to achieve a similar functionality to that of the device described here. The device is consequently more complex and more difficult to prototype. Also, scanning a surface requires traversal of two mirrors instead of one. The design has two focal points, and the distance between the two focal points limits the size of the object to be measured.
Some BRDF measuring methodologies such as that in Marschner et al. 23 use a curved object so that multiple samples of the BRDF are obtained by imaging the entire object, e.g., a sphere. These methods assume that the BRDF of the object's surface is spatially uniform. This assumption is too limiting for many applications (e.g., measuring the spatially varying BRDF of the skin on a human face).
In summary, the main features of our device that are not collectively present in existing devices are as follows: The device instantaneously records reflectance from multiple viewing directions over the hemisphere and conveniently controls the illumination direction over the hemisphere. No angular movements of parts is required; only translations of an aperture and a mirror. The device permits BTF measurements of an extended planar surface or a curved extended surface. A single concave parabolic mirror is used with a dual purpose of illuminating the surface point and reflecting light from the surface onto the detector. Because of the parabolic mirror, the surface can be scanned only by moving the mirror when the camera's field of view is sufficiently large. To increase the range of angles, the extent of the parabolic mirror can be increased. Because of the mirror geometry, there is no reillumination of sample.
IMAGING DEVICE

A. Design
The proposed device uses optical components such as a beam splitter, a concave parabolic mirror, a CCD camera, and translation stages and is illustrated in Fig. 3 . The beam splitter allows simultaneous control of viewing and illumination direction. A concave parabolic mirror section is positioned so that its focus is coincident with the surface point to be measured. The illumination source is a collimated beam of light parallel to the global plane of the surface and passing through a movable aperture. The aperture ensures that only a spot of the concave mirror is illuminated, and therefore one illumination direction is measured for each aperture position. In this approach, the problem of changing the illumination direction over a hemisphere is transformed to the easier problem of translating an aperture in a plane. The light reflected at each angle is reflected from the mirror to a parallel direction and diverted by the beam splitter to the camera. The camera is equipped with an orthographic or telecentric lens that images the light parallel to the optical axis. The image of the mirror is viewed by the camera that is positioned in such a way that its optical axis lies along the Y axis so that a single image corresponds to reflectance measurements from all angles in a partial hemisphere. To obtain a measurement of a surface patch for a spatially varying BRDF, the concave mirror is translated along the X -Y plane. This arrangement also has the advantage that all light from the measurement point will reflect away from the sample and thus will not reilluminate the surface point, thereby changing the intended illumination pattern.
The range of viewing and illumination angles can be increased by increasing the length of the parabolic mirror section as shown in Fig. 4 . The equation for the surface of the parabolic mirror as shown in Fig. 5 is
where F is parent focal length (12.7 mm for the current prototype). This function is obtained by rotating the parabolic curve y ϩ F ϭ z 2 /(4F) about the Y axis. Figure 4 illustrates that the range of viewing polar angle v is [0, /2] when the azimuthal angle v ϭ 0. But for v ϭ , the viewing angle range is determined by the length of the parabolic section. That is, v ͓0, m ͔, where simple geometric arguments can be used to show that
(2) Fig. 3 . BRDF/BTF measurement device. The surface point is imaged by a CCD video camera observing an off-axis concave parabolic mirror to achieve simultaneous observation of a large range of viewing directions. Illumination direction is controlled by an aperture; i.e., translations of the aperture in the X -Z plane cause variations in the illumination angle incident on the surface point. The device achieves viewing/illumination direction variations by using simple translations of the illumination aperture instead of complex gonioreflectometer equipment. Measurements of bidirectional texture are accomplished by translating the mirror in the X -Y plane. The range of measured reflectance angles is increased by increasing m , or equivalently by increasing ␦.
To account for imaging shapes that are not globally planar, we utilize the z component of the X -Y -Z stage supporting the concave mirror to allow scanning along the surface shape. Global surface shape can be estimated by means of stereo cameras or laser range finding and may be assisted with fiducial markers.
B. Prototype Implementation
The prototype device has an off-axis parabolic mirror (A8037-175, Janos Technology) that is a section of a full parabolic mirror and extends from point A to point B as illustrated in Fig. 5 . The point on the mirror with coordinates x ϭ 0, y ϭ 0, z ϭ 2F ϭ 25.4 mm is the point in the center of the projected image. The radius of the projected image is 12.7 mm, so the coordinates of B in Fig. 5 are
The angle 1 is
By the same method, the coordinates of A in Fig. 5 are expressed as
The angle 2 is 2 ϭ arctan͑5/12͒ Ϸ 22.6°. Figure 6 shows a closer view of this parabolic mirror and a test sample (glossy blue cardboard). Consider the dimensions of the sample that can be measured with this device. We move the sample when scanning, so the width and the height of the sample are limited only by the travel range of the stage. In the current prototype, this range is approximately 25 mm in both dimensions. The fine-scale depth variation limit is determined empirically to be approximately 1-2 mm. Beyond this depth variation, the surface point is no longer in the mirror focus.
The equipment for the prototype device includes a video camera (DFW-V500 Sony digital color video camera, Chori America Inc.) with lens (55-mm telecentric, Edmund Scientific). Note that the camera image is a circle of 25.4-mm diameter and is the view looking down the Y axis. Since the image is 640 ϫ 480 pixels and the diameter size in the screen is 486 pixels, each pixel in the camera image represents the physical size p ϭ 25.4/486 ϭ 0.052 mm. The transformation from the coordinates shown in Fig. 5 to the screen coordinates x s , y s is straightforward:
where C x , C y are the center of the screen; for the 640 ϫ 480 setting, C x ϭ 319, C y ϭ 239. . Off-axis concave parabolic mirror used in the prototype with a sample (glossy blue cardboard) at focus. Fig. 7 . Device prototype including camera, illumination source, collimating lens assembly, illumination aperture, beam splitter, and off-axis concave parabolic mirror. A blue specular sample to be measured is shown.
Additional equipment includes a beam splitter (K54-823, Edmund Scientific), a fiber optic illuminator (DCR II, Schott Fostec), and an iris diaphragm with 0.8-mm minimum aperture and 25.4-mm maximum aperture (K53-915, Edmund Scientific). Figure 7 shows an image of the main components of the current system prototype. Not shown in the figure are the X -Z and X -Y -Z mechanical stages (Velmex Inc.). These stages are used for automatic scanning by placing the illumination aperture on an X -Z stage and the mirror on an X -Y -Z stage. The light source is dc regulated and equipped with a quartz halogen bulb. Light collimation is implemented with a convex lens series so that the incident illumination is sufficiently bright and nearly parallel. Note that several variations of the illumination source can be made within the context of the original design. For instance, spectral filters on the illumination source would permit BRDF measurements as a function of spectral wavelength. In addition, polarizers may be used at both the source and the detector for measurements as a function of polarization angle. Also, scanning a nonplanar sample will require an additional system component to estimate the depth of the object. While this prototype is mounted on an optical board for convenience of testing and modification, portable implementations are foreseeable extensions.
ANALYSIS OF IMAGING PROPERTIES
A. Spatial Resolution Unlike conventional imaging, spatial sampling of the imaged surface is obtained by scanning. Therefore either the surface or the mirror must be translated and typically moved in a rectangular planar grid. The spatial sampling, or equivalently the size of the texture image pixel, is therefore controlled by the movement of the stage. The stage can be made to move in very small increments (0.0025 mm for the current prototype). However, optical imaging principles limit the system resolution and provide a guide for the choice of sampling distance D. Sample spacing less than D, though physically plausible by the stage mechanics, yields no further image information. The resolution of a typical diffraction-limited imaging system depends on the cone of angles incident on the object point (which in turn depends on the diameter of the illumination aperture). For the imaging device, the illumination aperture is not infinitesimally small. The iris aperture size determines the cone angle of the measured light, and this relationship varies over the mirror surface. The finite size of the aperture leads to a ray bundle as opposed to a single ray, and depending on the position at which this ray bundle strikes the parabolic mirror, the cone of the incident illumination will vary as shown in Fig. 8 .
The numerical aperture (NA) of an imaging system is given by
where n is the refractive index and ␣/2 is the half-angle of the cone of light illuminating the sample. For air (as in our case), n ϭ 1. The smallest distance R between two resolved point objects is given by
where is the wavelength of the light. The angle ␣ depends on the radius of the illumination aperture as well as the point P at which the light is incident on the mirror. As shown in Fig. 9 , for a point P with coordinate z on the mirror and aperture radius d, consider the cross section of the mirror at x ϭ 0. The z coordinate of the illuminated region on the mirror extends from z Ϫ d/2 to z ϩ d/2. When we use the equation for the parabolic mirror given in Eq. (1), the angle of illumination ␣ is given by
For our mirror, where d Ϸ 1 mm and z varies from F to 3F with F ϭ 12.7 mm, ␣ varies from 6.6°when the illumination is at the bottom of the mirror to 2.5°when the illumination is at the top of the mirror. Figure 10 shows a plot of ␣ as a function of the z coordinate of P. Figure 11 illustrates the effect of changing illumination angle on resolution. The USAF 1951 standard test pattern has a series of three black lines with specified line spacings. Cross-section images of the line patterns are shown in Fig. 11 with 11 different illumination angles, i.e., 11 different z coordinates of P. The change in resolution with illumination angle is apparent from these line plots. For the spacing of 8 line pairs/mm, the three black lines are resolved only when the light ray reflects off the top of the mirror (larger z-coordinate values). However, for the spacing of 4.49 line pairs/mm, the three black lines are resolved for all illumination angles.
To obtain a measure for the imaging resolution, we imaged an ideal step function and varied the position of the illumination aperture. The resultant image can be modeled as an ideal step convolved with a Gaussian of width , and the value for is estimated by using nonlinear optimization. Figure 12 shows a plot of as a function of the z coordinate of P. We see that decreases and resolution improves as P moves from the top of the mirror to the bottom.
Overall, the results are as expected. As the cone angle of incident illumination increases, resolution increases.
Also, the resolution is best when the aperture is positioned so that P is toward the bottom of the mirror (z component of P near F) and worse when the aperture is toward the top of the mirror (z component of P near 3F).
The measured resolution is not identical to the simple classical optics prediction given in Eq. (9) . This equation for the resolution is an oversimplification in our system because it neglects at least two major factors. First, it assumes that the illumination is direct. In general, the surface imaged by this device is illuminated by oblique or off-axis illumination. The more recent analysis of resolution for off-axis illumination (including Sheppard 24 ) indicates that resolution is dependent on the cone angle of illumination ␣ as well as the oblique angle (see Fig. 9 ). Second, although the aperture is circular, after reflection from the mirror the incident illumination is not a symmetric cone.
So far, we have analyzed the dependence of spatial resolution on illumination direction. Spatial resolution as a function of viewing direction can be obtained by considering the analysis in Baker and Nayar, 18 which addresses the size of the in-focus blur region as the viewing angle changes, i.e., as we measure the reflected light from a different part of the mirror or equivalently from a different pixel of the camera image. The analysis shows that as the point of interest moves up the mirror, i.e., as its z coordinate increases, the blur region increases and so the spatial resolution in the scanned images decreases. However, the maximum area of this blur region is quite small (of the order of 0.0001 mm 2 ). This is consistent with our observations that the resolution is far less dependent on viewing direction than illumination direction in our prototype. Figure 13 shows the USAF 1951 standard test lines under varied viewing directions and provides experimental evidence that spatial resolution is not affected significantly by changes in viewing direction.
In addition to spatial resolution, angular resolution of the measurement device is of interest. We use the term angular resolution to distinguish this property from spatial resolution. Spatial resolution dictates the size of the spatial features along the surface that can be resolved. Angular resolution specifies the solid angle of surface re- flectance that is measured at each pixel in the CCD image. Similarly, for each incident ray of finite diameter, angular resolution gives the solid angle of illumination on the surface point. The angular resolution for the parabolic mirror is presented in Nayar 17 and Baker and Nayar. 18 The angular resolution defined by the ratio of a unit of infinitesimal arc dA on the image plane to the corresponding infinitesimal solid angle d on the surface point is given by
( 1 1 ) where M is the magnification of the camera and the telecentric lens. This means that for large z, e.g., at the top of the mirror, the angular resolution is best. Figure 14 illustrates the basic idea of energy distribution when imaging a locally Lambertian surface. Suppose that there is a Lambertian surface at the focus of the mirror (point O in Fig. 5 ), so that for equal solid angles in any direction, there is the same energy reflected from the surface. For solid angle d, the area of the mirror associated with this solid angle is 2 d/cos , where is the distance from the point in the mirror, namely ͉OP͉, and is the normal angle of this small patch. The image area that projects to the camera is dS ϭ ( 2 d/cos )cos ϭ 2 d. Consequently, for each solid angle d, there are different image areas to receive this energy, and the intensity of the image depends on the distance to the focal point. The intensity I is given as
B. Imaging Lambertian Surfaces
where c is a constant that describes the relation between the energy and the solid angle. Figures 15 and 16 show the camera image when a chalk sample is placed at the mirror focus. Figure 17 illustrates the polar angle given by
C. Imaging Specular Surfaces
and the azimuthal angle expressed as If we consider a glossy sample at the focus of the mirror, we expect a component of specular reflection. For a specularity, the reflected ray has the same polar angle with the incident ray, while the azimuthal angle is Ϫ . To predict where the specularity will be for a given aperture position, consider how , are related to the x, y, z coordinates. The equations for , are
Using Eq. (1), we have
Since
We now need to determine the sign of y. This sign is the same as that of sin , so we can get rid of the absolute value function and obtain sin sin ϭ
and
Using these relationships, we can plot lines of constant and on the camera image as shown in Fig. 18 . Consider what happens to the specularity as the point illuminated on the mirror is moved horizontally along the x axis or vertically along the z axis. For each position on the mirror illuminated, we can calculate the , angles of the incident illumination of the surface. Since we know that the global surface normal of the sample is along the z axis, we know that the angles of the specular direction are , Ϫ . Using the above equations, we can then predict the screen coordinates of the location of the specularity. Figure 19 shows the predicted curves for the move- Fig. 17 . Definition of relevant angles for the analysis of specular reflection. The polar angle is , and the azimuthal angle is . Fig. 18 . Curves of constant and constant . The gray circle represents the size of the projected image. Each black ellipse represents curves of constant ( ϭ 5°to 25°, shown from innermost to outermost with step size 5°). The dashed radiating lines are curves of constant ( ϭ 60°, 70°,..., shown increasing clockwise with step size 10°). Fig. 19 . Predicted specularity trajectories as the illuminated point P moves horizontally or vertically. The horizontal curves are the paths of the peak specular reflection when P moves horizontally (along X), while the vertical curves correspond to the path when P moves vertically (along Z). ment of the specularity as the aperture is moved either horizontally or vertically. This figure also shows the measured movement of the specularity for a test case (glossy cardboard sample). Four paths are shown: two horizontal aperture movements and two vertical aperture movements. We can see that although the illumination moves in a line, the specular highlight moves along a curved trajectory close to the predicted path. The direction of motion of the specularity is always the opposite of the direction of the illumination. For example, when the aperture moves from the top to the bottom of the mirror, the specularity moves from the bottom to the top, as expected. Figure 20 shows examples of the observed camera images for this test sample.
IMAGING RESULTS
To obtain a texture image, we specify the desired viewing and illumination directions. The illumination aperture is positioned to achieve the correct illumination direction. A single pixel from each camera image is identified that corresponds to the correct viewing direction. This pixel is acquired for each mirror position along a twodimensional grid in the X -Y plane.
A demonstration of the device's ability to capture both spatial image texture and bidirectional reflectance is shown in Fig. 21 . The scanned surface shown in this figure is a line segment pattern from a standard test target (Ronchi ruling pattern, 1 line/mm). The test target has a glossy coating, so the reflectance pattern reveals a specularity (concentrated around the specular viewing direction) as well as the color (either black or white) of the measured surface point.
To further illustrate the image texture acquired by the texture camera, we show representative examples from various surface samples (Figs. 22 and 23 ). For each of these examples, the spatial sampling is dense, with an effective pixel size of 0.075 mm. The images in Fig. 22 correspond to a fixed viewing direction and three different illumination directions.
Note that the illumination change affects the position of shadows, specularities, and other features of appearance. The images in Fig. 23 correspond to a fixed illumination direction and three different viewing directions. These images also reveal the changes in the overall appearance of each surface sample with viewing direction.
During scanning, the images viewed from the camera give no indication of the actual point being imaged because the local neighborhood is not visible. So with the mirror in focus, it is difficult to navigate in order to view a particular point or to start scanning at a particular point. However, a property of the mirror helps this situation and can be utilized easily. When the mirror is viewed out of focus, one sees not only a single surface point but also the local spatial neighborhood. As the mirror is lowered or raised to focus, the viewed images appear to blur but in fact show the reflectance measurement from a single point. To illustrate this idea of navigating by using outof-focus images, we consider Fig. 24 . This figure shows a surface with a visible ridge when the mirror is out of focus. When the mirror is focused, the image now shows reflectance from only the central point and each pixel is the reflectance corresponding to a different viewing angle. Since the local neighborhood cannot be viewed in the infocus image, it is useful to first view the out-of-focus image to get the local context and navigate to the desired point.
APPLICATIONS
There are many additional areas in which measurements from this device have considerable utility. In industrial For each image, v ϭ 0; i.e., the point of interest on the mirror is in the y -z plane. Note that the brightness of the top row has been manually enhanced so that structure is better visible. The brightness is higher for the bottom row because of the effect illustrated in Fig. 15 . Fig. 24 . Images from the camera as the mirror focuses on skin surface. When the focal point is above the surface, surrounding texture is discernible. The images from left to right depict the camera view as the focal point approaches the surface. These views can be used to navigate the mirror focus to the desired surface point. settings, the BRDF/BTF of textiles and coatings can be measured for quality control and inventory characterization. Measurements of the BRDF/BTF of materials can be used in design and planning, e.g., in automotive interior design. Interior design applications can use BRDF/ BTF measurements for visualization purposes. This is especially useful for e-commerce solutions that require the consumer to view the appearance of fabrics under a variety of poses and illuminations. BTF measurements allow a true digital representation of the object that captures all the essential observable features of an object. Watermarking of items for preservation and security can be planned and executed with a BRDF/BTF measurement device. The BRDF/BTF measurements are also useful in military applications for camouflage design and evaluation.
The work described here is useful for the application of skin texture measurement in a clinical setting. Clinical evaluation of a skin surface is typically done by visual observation. A physician observes the skin surface at different viewing/illumination angles by instinctively tilting his/her head or tilting the skin surface. This information cannot be conveyed in a single image. Instead, bidirectional measurements of the skin BTF can be used to fully characterize the skin surface as demonstrated in Cula et al. 25 Prior BTF measurement methods, such as those as in Dana et al., 2 are too cumbersome for clinical use. The device described here permits fast and convenient data capture and may be applied in dermatology studies in future work.
IMPLICATIONS FOR VISION AND GRAPHICS
In general, any application that could use computer vision to recognize or classify a surface needs a BRDF/BTF measurement device to design and test algorithms. Also, any application that uses computer graphics rendering to synthesize the object's appearance (e.g., on a computer screen) may use a BRDF/BTF measurement device to find out how appearance should be rendered.
Modeling efforts in the computer graphics and computer vision community are divided into two major categories:
image-based and geometry-based. Imagebased methods characterize scenes, objects, or surfaces by using a collection of images typically obtained under varying imaging parameters. Geometry-based methods use a traditional three-dimensional representation. Both methods have attributes and limitations, but, clearly, image-based methods and hybrid image/geometry methods have allowed remarkable advances in vision and graphics for real-world applications. Consider, for example, appearance-based recognition pioneered by numerous efforts including Turk and Pentland, 26 Pentland et al., 27 and Murase and Nayar. Also, consider the common new approach of image-based rendering pioneered by Chen and Williams, 29 McMillan and Bishop, 30 Chen, 31 Levoy and Hanrahan, 32 Gortler et al., 33 Seitz and Dyer, 34 and Debevec et al. 35 Hybrid methods have been useful for applications in historical archiving, such as in the work of Bernardini et al. 36, 37 and Levoy et al. 38 The bidirectional imaging device of this work permits surface measurements that could support image-based surface modeling. An exciting area for the next development stage of the prototype is real-time measurements. With the use of a specialized rotating aperture and a fast scanning device, the entire bidirectional imaging of a surface can be done at high-speed video rates.
SUMMARY
In summary, we have presented a new bidirectional imaging device or texture camera that allows economical, compact, and convenient measurements of a spatially varying BRDF. A concave curved mirror permits variations of viewing and illumination direction without the need for complex mechanical equipment to orient the source and the sensor over a hemisphere of possible direction. The imaging properties of this device are explored by examining the specific cases of locally Lambertian surfaces and specular surfaces. A resolution analysis is provided to determine the dependence of spatial resolution on viewing and illumination direction. Texture images with use of the prototype are presented to show the detailed surface appearance that can be captured with this device.
